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Despite the clear progress of theoretical and/or computational chemistry in the last 30 years 1 and the claims that we are entering the era of quantum biology, there are still some simple and well defined molecular properties that certain times defy our calculational prowess, even for small systems such as the diatomics MX, where Mϭfirst row transition metal atom and X a main group element. What we have in mind is the dipole moment vector of a neutral MX species.
The dipole moment is defined either as an expectation value
where ⌽ is a normalized exact ͑ϭ͒ or approximate wave function, and is the usual dipole operator, or as the gradient of the total electronic energy E of the system at hand with respect to an ͑external͒ electric field E, i.e.,
where
In practice, and for a diatomic say molecule whose internuclear axis defines the z direction,
where ␦E the energy difference of the system calculated before and after the application of an electric field (␦E z ) along the z axis. Although definitions ͑1͒ and ͑2͒ ͓finite field method ͑FF͔͒ are equivalent to the limit, that is when ⌽ϭ and E ϭE exact within the method applied, in most other cases results can differ appreciably. This is because Eq. ͑1͒ is a functional of the wave function ⌽, where in Eq. ͑2͒ the wave function is indirectly involved through the energy E. However, and as a result of the variational theorem, 2 if ⌽ϭϩ⑀X and assuming that
a nice property of the energy but which does not hold for other properties. Therefore, for the calculation of the dipole moment, formula ͑2͒ is to be recommended in general. Although all the above are well recognized, it never occurred to the present authors that the expectation value relationship ͑1͒, and for certain molecular systems, could lead to completely erroneous values of the dipole moment even for highly correlated wave functions ͑vide infra͒. This is exactly what motivated the present report.
Recently we have published ab initio results on the iron monocarbide FeC ͑Ref. 3͒ using CASSCFϩsingleϩdouble replacements ͑CASSCFϩ1ϩ2ϭMRCI͒ methods coupled with the ANO-͓7s6 p4d3 f ͔ and cc-pVTZ-͓4s3 p2d1 f ͔ basis sets for the Fe ͑Ref. 4͒ and C ͓Ref. 5͑a͔͒ atoms, respectively. For the ground state only (X 3 ⌬) the basis set was extended to ͓7s6 p4d3 f 2g/ Fe 5s4 p3d2 f 1g/ C ͔. The zeroth order space ͑CASSCF͒ was composed of 10 ''valence'' orbitals and 12 active electrons; calculations including the semicore electrons of Fe (3s 2 3 p 6 ) at the MRCI level have been referred to as C-MRCI. In that work, 3 in addition to the ground X 3 ⌬ state, we also reported results on 40 excited states ͑see also Ref. 6͒ .
Results of the above work for the X 3 ⌬ state are reproduced in the first two entries of Table I , namely, total energies ͑E͒, bond distances (r e ), dissociation energies (D e ), harmonic frequencies ( e ), and dipole moments ͑͗͒͘ in different methods, including the coupled cluster singles and doubles with perturbative triples approach, CCSD͑T͒. It should be mentioned that in the CCSD͑T͒ method CASSCF orbitals were employed due to the impossibility of obtaining single reference orbital functions.
Most of the numbers of Ref. 3 were in fair agreement with the totality of existing experimental findings when the paper was submitted for publication. For instance, for the X 3 ⌬ state at the C-MRCI level ͑see second entry of while an h angular momentum Gaussian function ͑␣ϭ0.8͒ was added to the previously employed basis set of Fe, therefore our largest one-electron expansion includes 175 spherical Gaussians. All our results at the CASSCF, MRCI, MRCI ͑ϩQ͒, C-MRCI, C-MRCI͑ϩQ͒ ͑Qϭthe Davidson correction͒ and CCSD͑T͒ were performed by the MOLPRO package. 18 We do not report CCSD͑T͒ results using this larger basis due to severe convergence problems even using CASSCF orbitals. Our largest C-MRCI expansion contains 2.97ϫ10 9 configuration functions, reduced to 32ϫ10 6 using the internal contraction technique. Table I lists our new results ͑third and fourth entries͒ as well as previous theoretical and pertinent experimental numbers.
It is interesting to follow the results of Table I : as the basis set increases the r e , D e , and e values improve monotonically as compared to the experiment, in both MRCI and C-MRCI level. Our best C-MRCI r e , D e , and e values ͑fourth entry͒ are in almost complete harmony with corresponding experimental findings. However, this is not the case with the dipole moment. Observe first that the expectation ͑͗͒͘ and finite field ( FF ) dipole moment values are the same 1.48 -1.49 D, at the CASSCF level, because the CASSCF wave function is exact within the chosen space. At the MRCI level ͗͘ ͑ϭ1.34 D͒ is basis set independent, while at the C-MRCI level decreases slightly as the basis set increases ͑1.28, 1.25, 1.23 D͒ drifting away from the experimental value 11 ͓ϭ2.36͑3͒ D͔, due to increased sizenonextensivity errors.
A dramatic improvement is observed using the finite field method: the FF value increases by approximately 0.6 D as compared to the ͗͘ value in both MRCI and C-MRCI levels of theory, while it seems to be independent of the basis set size, at least within these particular series of basis sets. Our best MRCI value is 1.94 D, still about 0.4 D smaller than the experimental value. Previous theoretical work ͑see last entry of Table I͒ confirms our findings indicating also that scalar relativistic effects do not play a significant role in these systems. 6 Unfortunately there are no experimental values for the above systems, so a clear assessment is not possible at this moment.
The conclusions of the present report are, first, that the finite field method for the calculation of dipole moments is to be preferred in general, and second, seemingly adequate wave functions otherwise, can fail badly for certain, for instance, one-electron properties.
